We theoretically study transport properties of nanowires with the Dresselhaus [110] spin-orbit coupling under the in-plane Zeeman potential and the proximity-induced s-wave pair potential. In the topologically nontrivial phase, the nanowire hosts the Majorana fermions at its edges and the number of the Majorana bound states is equal to the number propagating channels (Nc). When we attach a normal metal to the superconductor, such Majorana bound states penetrate into the dirty normal segment and form the Nc resonant transmission channels there. We show that chiral symmetry of the electronic states protects the Majorana bound states at the zero energy even in the presence of impurities. As a result, we find that the zero-bias conductance of normal-nanowire / superconducting-nanowire junctions is quantized at 2e
I. INTRODUCTION
Majorana Fermion, particle which is own antiparticle, was originally predicted by Ettore Majorana in high energy physics 1 . Recently, however, physics of Majorana fermion has been a hot issue in condensed matter physics since the emergence of Majorana fermion was pointed out at surfaces of topologically nontrivial superconductors 2 . Detecting a Majorana Fermion and controlling of Majorana bound states(MBSs) have been a desired subject to realize the fault-tolerant topological quantum computation 3, 4 . There are several suggested systems hosting MBSs such as p wave superconductors 5, 6 , topological insulator/superconductor heterostructures 7 , semiconductor/superconductor junctions with strong spinorbit interaction [8] [9] [10] [11] [12] [13] , helical superconductors 14 , and superconducting topological insulators 15 . The most practical system among them is a semiconductor nanowire fabricated on top of a superconductor because of its controllability for the emergence of MBS by changing the chemical potential in the nanowire and by applying the Zeeman field onto it [11] [12] [13] . The coexistence of the Rashba spin-orbit coupling and the Zeeman potential enables a topologically nontrivial superconducting state in the nanowire in the presence of proximity induced pair potential there. Even so, it is still very difficult to demonstrate convincing evidences of Majorana fermions in experiments [16] [17] [18] because we need to tune the number of propagating channels in nanowires N c . The N c should be unity 11, 12 when the Zeeman field is parallel to the nanowire. Alternatively, N c should be odd integer numbers when the Zeeman field is applied perpendicular direction to the nanowire 16 . In the latter case, the Zeeman field may destroy the pair potential.
In such situation, we seek an alternative way of realizing Majorana fermion by tuning the spin-orbit interactions. The Dresselhaus spin-orbit interactions are caused by breaking the lattice inversion symmetry 19 . In InSb or GaAs, for example, the Dresselhaus [110] spin-orbit interactions can be large on their film growing along the [110] direction. A theoretical study has shown that such artificial superconductor hosts the dispersionless surface Andreev bound states which is nothing other than the MBSs 10, 20 . To have topologically nontrivial superconducting state, the Zeeman field should be applied in plane, which is an advantage of this method. The [110] Dresselhaus nanowire superconductor is unitary equivalent to the two-dimensional 'polar state' in 3 He 21 . It has been well known that the polar state has surface Andreev bound states 22, 23 as a result of the sign change of the pair potential on the Fermi surface 24, 25 . Today such surface states are recognized as the topologically protected edge states reflecting the topologically nontrivial character of the superconducting phase 26 . Although two of authors have reported the anomalous proximity effect of superconductors in the polar state [27] [28] [29] [30] [31] , such superconducting state has never been experimentally confirmed in any compounds. This paper suggests a way of artificially realizing the 2D polar superconductor by combining existing materials. The anomalous proximity effect in the Dresselhaus nanowire superconducting junctions is strongly related to the physics of the odd-frequency Cooper pairs 32 .
In this paper, we theoretically study the transport properties of nanowires with strong Dresselhaus [110] spin-orbit interaction by using the lattice Green function method on the two-dimensional tight-binding lattice. We first calculate the local density of states (LDOS) at the edge of the semi-infinite nanowire. The Dresselhaus [110] nanowire with in-plane magnetic field shows the large zero-energy peak independent of N c . The zero-bias differential conductance in normal-metal/superconductor (NS) junctions on the nanowire shows the quantization at 2e
2 N c /h irrespective of the degree of disorder in the normal segment. We also show the fractional currentphase (J − ϕ) relationship in superconductor/normalmetal/superconductor (SNS) junctions on the nanowire. The resonant transmission through the MBS in the normal segment is responsible for such unusual low energy transport in nanowires [27] [28] [29] [30] 32, 33 . In addition to numerical simulation, we solve the Bogoliubov-de-Gennes (BdG) equation analytically and discuss the stability of MBSs in the the Dresslhaus[110] nanowire with in-plane magnetic fields. We find that chiral symmetry of the BdG Hamiltonian protects the MBSs at the zero-energy 26 . Our results indicate a way of detecting the MBSs in experiments.
This paper is organized as follows. In Sec. II, we compare the local density of states at the edge of the Dresselhaus noanowire superconductors with those of the Rashba nanowire superconductors. The numerical result for the transport properties are also presented. In Sec. III, we discuss the stability of the MBSs based on the analytical solution of the BdG equation. In Sec. IV, effects of disorder on the MBS in the normal metal are discussed. The conclusion is given in Sec. V. 
II. NUMERICAL RESULTS

Semiconductor nanowire
A. Local Density of States
Let us consider a nanowire with the strong spinorbit coupling fabricated on a metallic superconductor as shown in Fig. 1 . The nanowire is in the superconducting state due to the proximity-induced s-wave pair potential. The thickness of nanowire is sufficiently small so that only the lowest subband in the z direction for each spin degree of freedom is occupied. We describe the present nanowire by using the tight-binding model in two-dimension. A lattice site is pointed by a vector r = jx + my, where x and y are the unit vectors in the x and the y directions, respectively. We consider the nanowire as the semi-infinite system in the x direction (i. e. ,1 ≤ j ≤ ∞). In the y direction, the number of the lattice site is M and the hard-wall boundary condition is applied. The nanowire is described by the Bogoliubovde-Gennes(BdG) Hamiltonian,
where c † r,σ (c r,σ ) is the creation(annihilation) operator of an electron at the site r with spin σ = (↑ or ↓), t denotes the hopping integral, µ is the chemical potential, λ D represents the strength of the Dresselhaus [110] spinorbit interaction, ∆ 0 is the proximity-induced s-wave pair potential at the zero temperature. The Pauli's matrices in spin space are represented byσ j for j = 1 − 3 and the unit matrix in spin space isσ 0 . By tuning the magnetic field B in the x direction as shown in Fig. 1 , it is possible to introduce the external Zeeman potential V ex . We measure the energy and the length in the units of t and lattice constant, respectively. Throughout this paper, we fix several parameters as µ = 1.0t, λ D = 0.2t and ∆ 0 = 0.1t.
At first, we focus on the local density of states (LDOS) at the edge of the nanowire. The LDOS averaged over M lattice sites in the y direction is defined by
whereĜ(r, r, E) is the normal Green's function at the site r with the energy E measured from the Fermi energy, and Tr represents the trace in spin space. To calculate the LDOS, we add the small imaginary part iδ to the energy in the Green's function. We calculate the Green's function by using the lattice Green's function method 34, 35 . In Fig. 2(a) and (b), we plot the LDOS at j = 1 as a function of the energy. The width of system M is chosen as 10. The results are normalized by the density of states at the Fermi energy in the clean normal nanowire N 0 . The Amplitude of Zeeman potential V ex is 1.2t and 1.5t in Fig. 2(a) and (b), respectively. As a result, the number of propagating channels N c , is 5 and 6 in Fig. 2(a) and (b), respectively. The LDOS at the edge of the Dresselhaus nanowires shows the single zeroenergy peak irrespective of N c . This is a robust feature appearing as far as the Zeeman potential V ex is larger than a critical value V c = 0.92t. The critical value of the Zeeman potential is discussed in Sec.III C. For comparison, we also plots the results for the nanowire with Rashba spin-oribit coupling in Fig. 2 
and replace H Z by
representing the magnetic field in the z direction. We chose V ex as 1.2t resulting N c = 5 in Fig. 2 (c) and
, where λ R = 0.2t and M = 10. As already discussed in Ref. 16 , the LDOS of the Rashba nanowire shows the zero-energy peak only when N c is odd integer numbers. In addition, the number of peaks in the subgap energy window is equal to N c . Therefore, in the Rashba nanowires, we need the delicate tuning of the wire width and the Zeeman field to have the MBS indicated by the zero-energy peak. In Fig. 3(a) , we plot the LDOS with E = 0 at the edge of superconductors as a function of the wire width M for V ex = 1.2t. The LDOS for the Dresselhaus nanowire is almost constant independent of M . Namely, the number of the zero-energy states at the edge increases proportionally to M . In Fig. 3 (b) , we also plot the results for the 
B. Conductance
Secondly we study the conductance in the NS junctions of nanowire superconductors as shown in Fig. 4(a) . A nanowire is fabricated on an insulator/metallic superconductor junction. The segment on the insulator and that on the superconductor are in the normal and the superconducting state, respectively. The present junction consists three segments: an ideal lead wire (∞ ≤ j ≤ 0), a normal disordered segment (1 ≤ j ≤ L) and a superconducting segment (L + 1 ≤ j ≤ ∞). The superconducting segment is described by the BdG Hamiltonian in Eq. (1). The normal-metal segment(−∞ ≤ j ≤ L) is described by Eq. (1) by setting the pair potential ∆ 0 to zero. In addition, we introduce the potential disorder in 1 ≤ j ≤ L by
The amplitude of impurity potentials is given randomly in the range of −W/2 ≤ V 0 (r) ≤ W/2. We calculate the differential conductance G NS of the NS junctions based on the Blonder-Tinkham-Klapwijk formula
where r ee ζ,η and r he ζ,η denote the normal and Andreev reflection coefficients at the energy E, respectively. The index ζ and η label the outgoing channel and the incoming one, respectively. These reflection coefficients are calculated by using the lattice Green's function method 34, 35 . In Fig. 5(a) , we present the differential conductance of the Dresselhaus nanowires as a function of the bias voltage for several choices of the length of the disordered segments L, where we choose the parameters as M = 10, W = 2.0t, and V ex = 1.2t. In the present parameter choice, N c becomes 5. The results are the normalized to G Q = 2e
2 /h. The differential conductance decreases with increasing L for the finite bias voltage. However, the zero-bias conductance is quantized at G Q N c irrespective of L. The results suggest that the perfect transmission channels exist in the disordered normal segment 28 and their number is equal to N c .
For comparison, we also plot the results for the Rashba nanowire in Fig. 5(b) . The results show that the zero-bias conductance is not quantized and decrease with increasing L. Even if a MBS appears at the zero-energy, its contribution to the zero-bias conductance is relatively small. Therefore it is difficult to demonstrate the presence of MF by the conductance measurement in experiments. In Fig. 6 , we plot the zero-bias conductance as a function of the width of nanowire M for V ex = 1.2t. The length of disordered segment L is chosen as 30 and 50. In the Dresselhaus nanowires, the perfect quantization of the zero-bias conductance can be seen irrespective of the width of the nanowire M . This result reflects the presence of a MBS for each propagating channel. The presence of MBSs can be checked by the quantized value of the zero-bias conductance. In the case of the Rashba nanowire, on the other hand, the zero-bias conductance slowly decreases with increasing M as shown in Fig. 6 . The results are away from the 2e 2 N c /h for all M . 
C. Josephson Current
Finally, we study the Josephson effect in the junction shown in Fig. 4 (b). The junction consists three segment: a disordered normal segment (1 ≤ j ≤ L) and two Dresselhaus superconducting nanowires (∞ ≤ j ≤ 0 and L + 1 ≤ j ≤ ∞). The pair potential for the left superconductor is described by
where ϕ corresponds to the phase difference of the pair potential between two superconductors. The Josephson current is calculated by using the Green's function method 37 . In Fig. 7 , we plot the Josephson current at T = 0.001T c as a function of the phase difference for several choices of W such as 1.0t, 2.0t and 3.0t, where M = 10, L = 30, and V ex = 1.5t. For comparison, we also plot the result for the conventional s-wave superconductor junction (i.e., V ex = 0 and λ D = 0) with a dashed line. The current-phase relationship for the conventional junction slightly deviate the sinusoidal function. The results suggest the small contribution of the higher harmonics such as sin(2ϕ) and sin(3ϕ) to the Josephson current. This is the well know behavior of the Josephson current in diffusive SNS junction of the metallic superconductor 38 .
On the other hand, the Josephson current in the Dresselhaus nanowires indicates the large contribution of the higher harmonics to the Josephson current at a low temperature. As a consequence, the results are close to the fractional current-phase relationship of J ∝ sin(ϕ/2) irrespective of W . Such fractional relationship also indicates the perfect transmission through the disordered normal segment 29, 32 .
FIG. 7. (Color online)
The Josephson current at T = 0.001Tc is plotted as a function of the phase difference, where L = 30, M = 10, and Vex = 1.5t. We plot the result for several choices of W such as 1.0t, 2.0t and 3.0t. We also plot the results for the conventional s-wave superconductor (i.e. , Vex = 0 and λD = 0) at W = 2.0t with a dashed line. The number of samples used for the random ensemble average is 500 for all the plots.
III. SURFACE MAJORANA BOUND STATES
In this section, we analyze the properties of the Majorana bound states appearing at the edge of the Dresslhaus nanowire as shown in Fig. 1 .
A. Wave function of zero-energy edge states
Here we consider the nanowire in the continuous space for simplicity. The BdG Hamiltonian of the Dresselhaus nanowire is represented by
where m denotes the effective mass of an electron. In what follows, we assume large enough Zeeman potential so that λ D k F ≪ V ex is satisfied with k F = √ 2mµ/ . By applying the unitary transformations in Appendix B, we obtain the deformed BdG Hamiltoniaň
Since
in the argument below. The diagonal componentsĥ px,σ are equivalent to the Hamiltonian of the spin-triplet p x -wave superconductor. Thus the BdG Hamiltonian represents the spin-full p x -wave superconductorȞ px with the spin-mixing termV ∆ .
We first solve the BdG equation for the zero-energy edge states by neglecting the spin-mixing termV ∆ . We will discuss the effects ofV ∆ later on. The BdG equation at the zero-energy readš
where
T is the eigen wave function of the zero-energy states labeled by ν 0 . Under the hard-wall boundary condition in the y direction, the wave function is represented as
where n indicates the transmission channel in the nanowires and ϕ n (x) is a vector with the four components. In the x direction, we assume that the length of the nanowire is 2L (i.e., −L ≤ x ≤ L) and we apply the hard-wall boundary conditions at the edge of the nanowire,
We show how to solve the BdG equation in Appendix B.
Here we summarize the results and discuss important properties of the solution. The BdG equation can be solved for each transmission channel indicated by n in which
represents the effective chemical potential. When µ n < −V ex , there is no solution of Eq. (19) with Eq (21). For µ n > V ex , we can find the two solutions for each transmission channel at each edge: one is in the spin-up sector and the other is in the spin-down one in Eq. (15) . At the edge around x = L, for example, two zero-energy states in the two spin sectors are degenerate. However such doubly-degenerate zero-energy states are unstable in the presence of theV ∆ because the spin-mixing terms hybridize the two zero-energy states and lift the degeneracy. Finally, for −V ex < µ n < V ex , we obtain the only one zero-energy edge state for each transmission channel at each edge. Namely the zero-energy state in spin-up sector disappears and only the zero-energy state in the spin-down sector remains at each edge. Since the up-spin state is absent,V ∆ does not affect such zero-energy edge states. The wave function at the left edge ϕ L n (x) and that at the right edge ϕ R n (x) can be represented as
with C L n and C R n being the normalization coefficients. When L/ξ D ≫ 1, the two zero-energy states localizing at x = ±L are decoupled from each other. The number of the zero-energy states at each edge is equal to the number of channels which satisfies −V ex < µ n < V ex .
B. Stability of zero-energy states
The BdG Hamiltonian in Eq. (14) preserves chiral symmetry,
In the presence of chiral symmetry, it is possible to introduce the eigen states ofȞ
where χ λ (r) is also the eigen states for Γ Γχ λ (r) = λχ λ (r).
The eigenvalue λ is either +1 or −1. See also Appendix A for details. By using these eigen states χ λ (r), the states belonging to the zero-energy ϕ ν0 (r) can be represented by
where χ ν0λ (r) satisfieš
The index ν 0 labels the eigen states belonging to the zero energy. From the results above, we conclude that ϕ ν0λ (r) is the eigen state of Γ belonging to λ, which is an important fact leading to the stability of the zero-energy states.
The situation in the nonzero-energy states is different that in the zero-energy states. As shown in Appendix A, the nonzero-energy states are always described by the linear combination of two states: one belongs to λ = 1 (i.e., χ + (r)) and the other belongs to λ = −1 (i.e., χ − (r)). Generally speaking, perturbations may lift zero-energy states to nonzero-energy ones. Such modification happens only when the perturbations couple the two zeroenergy states belonging to opposite λ as schematically illustrated in Fig. 8(a) and (b) . This argument is valid as far as the perturbations preserve chiral symmetry. Therefore the zero-energy states belong to the same eigenvalue of λ are stable and remain at the zero-energy when perturbations preserve chiral symmetry in Eq. (26) . In the Dresselhaus nanowires for −V ex < µ n < V ex , it is easy to confirm that ϕ L n in Eq. (23) belongs to λ = −1, whereas ϕ R n in Eq. (24) belongs to λ = 1. Since they are spatially separated, the zero-energy states at the two edges are robust under perturbations preserving chiral symmetry as illustrated in Fig. 8(c) .
Finally, we note that chiral symmetry in the original basis represented by
whereȞ 0 is the original Hamiltonian in Eq. (12) . This fact implies that the zero-energy states are robust under perturbations preserving chiral symmetry even if we take the higher order terms of (λ D k F /V ex ) into account.
C. Critical value of Zeeman potential
The anomalous properties in the low energy transport in Sec. II appear when the Zeeman field is larger than a critical value (i.e., V ex > V c ). Here we discuss why the low energy spectra of the edge states drastically changes at V ex = V c . We consider the periodic boundary condition in the x direction to obtain the momentum representation ofȞ eff in Eq (14) , The state vectors can be written as where n labels the channels in the y direction and k denotes the wave number in the x direction. The Hamiltonian in Eq. (16) in the momentum space is represented byĥ
with µ n being represented in Eq. (22) . As discussed in Sec. III B, the zero-energy edge states are stable when the condition
is satisfied. This condition corresponds to the situation in which the dispersion of spin-down sector ξ n (k) − V ex remains at the Fermi level and the dispersion of spin-up sector leaves away from the Fermi level (i.e., ξ n (k)+V ex > 0). The number of the zero-energy states becomes equal to the number of the propagating channel N c in the spindown sector. In Fig. 9(a) , we plot the number of the propagating channels as a function of the Zeeman potential, where N ↑(↓) represents the number of the propagating channels in spin-up (spin-down) sector. In the tight binding model, the effective chemical potential µ n should be replaced by
In the spin-up sector, N ↑ becomes zero at V ex = V c = 0.92t at the present parameter choice. For V ex < V c , the dispersions in both the spin-up and the spin-down sectors remain at the Fermi level. In Fig. 9(b) , we show the LDOS at the edge of the Dresselhaus nanowire for V ex = 0.8t < V c . The resulting channel numbers are N ↑ = 1 and N ↓ = 5. The edge states also arise from the two spin sectors. But they are interact with each other due toV ∆ . As a result, the energy of such interacting states leave away from the zero energy. The results of LDOS show that two peaks appear at E = ±0.021∆ 0 in addition to the large zero-energy peak. Thus the number of the zero-energy edge states is N ↓ − N ↑ which is less than the number of propagating channels N c = N ↓ + N ↑ .
For V ex > V c , the Hamiltonian of the Dresselhous nanowire becomes unitary equivalent to that of the twodimensional spinless p x -wave superconductor. It is possible to realize such polar states by tuning the spin-orbit coupling in an alternative way as shown in Appendix C.
D. Majorana Fermions
The field operator of an electron for the BdG HamiltonianȞ eff is described as
where γ † ν (γ ν ) is the creation (annihilation) operator of the Bogoliubov quasiparticle belonging to E ν and Ξ is the charge conjugation operator with K representing the complex conjugation. Here we focus on the electron operator at the zero-energy states for V ex > V c . As discussed in Sec. III B, the wave function of the zero-energy states are well characterized by the channel index n and described by
where ϕ L n (r) (ϕ R n (r)) correspond to the left(right) edge states. These wave function satisfy
as illustrated in Fig. 8(c) . Therefore, the electron operator of the zero-energy state is written as
where the field operator γ L n (r) and γ R n (r) correspond to the edge state on the left hand side and that on the right hand side, respectively. The operator γ L n (r) is pure imaginary while γ R n (r) is real in the present gauge choice. It is easy to show that they satisfy the Majorana relation
We conclude that both γ L n (r) and γ R n (r) fields describe the Majorana fermions. The above relations hold for each propagating channel n. Therefore the number of Majorana fermions at each edge is N ↓ which is equal to N c for V ex > V c .
IV. MAJORANA BOUND STATES IN NORMAL METALS
The numerical results in Sec. II show that the Majorana bound states penetrate into the diffusive normal segment and form the resonant transmission channels there. The perfect transmission through such Majorana bound states at the zero energy are responsible for the anomalous transport properties. Here we discuss why the Majorana bound states remain at the zero energy even in the presence of impurity potentials in the normal segment.
A. Wave function in normal segment
We first analyze the wave functions in the normal segment using in Eq. (34) . In the absence of impurity potential, the wave function in the normal segment at E = 0 is decribed by
where r ee σ,σ is the normal reflection coefficients and r he σ,σ is the Andreev reflection coefficients. Here we consider the wave function at the channel n. The p x superconductors causes the perfect Andreev reflection at E = 0, which results in r ee σ,σ = 0. At the same time, we obtain r he ↑,↑ = 1 and r he ↓,↓ = −1. We find that the wave function in each spin sector is the eigen state of Γ in Eq. (26) . Therefore all states in spin-up (spin-down) sector belong to λ = 1 (λ = −1) in the normal segment. This conclusion is also true even when we introduce impurity potential into the normal segment because the impurity potentials preserve chiral symmetry in Eq. (26).
B. Effects of disorder
To describe the disordered NS junctions in Fig. 4(a) , we introduce the random potential V imp (r) in the normal segment, (i.e., 0 < x < L). The Hamiltonianĥ in Eq. (12) is replaced bŷ
The Hamiltonian of the NS junction reads,
It is easy to show that H NS satisfies the relations,
Therefore, all of the zero-energy states at the NS interface keep staying at the zero-energy even in the presence of disorder because all them belong to λ = −1 as shown in Fig. 8(c) . Although the channel index n is no longer a good quantum number under the potential disorder, the number of the zero-energy states is still equal to the number of the propagating channels in the spin-down sector N ↓ = N c . This argument can be applied to the zero-energy states penetrating into the normal segment. The resonant transmission channels at the zero energy in the normal segment is protected in the presence of chiral symmetry. This explains the perfect quantization of the zero-bias conductance at 2e 2 N c /h. To confirm the argument above, we calculate LDOS in the disordered normal segment. In Fig. 10(a) , we plot the LDOS at the center of the disordered segment (i.e., j = 25) as a function of the energy, where L = 50, M = 10, W = 2.0t. The Zeeman potential V ex is chosen as 0.5t and 1.2t. In the case of V ex < V c = 0.92t, the states with λ = 1 remain at the Fermi level in the normal metal. The random impurity potentials mix the penetrated Majorana bound states with λ = −1 and the normal states with λ = 1. As a result, the LDOS in the disordered normal segment for V ex = 0.5t < V c is almost flat around the zero-energy. When V ex > V c , all of the normal states with λ = 1 pinch off from the Fermi level. Therefore, penetrated Majorana bound states stably remain at the Fermi level. As a result, the LDOS in the disordered normal segment for V ex = 1.2t > V c shows the large zero-energy peak reflecting the existence of the penetrated Majorana bound states. It is possible to demonstrate how chiral symmetry protects the zeroenergy states in the normal segment by analyzing the details of LDOS at the zero-energy in Fig. 10(a) . To do this, we calculate the Green's function around the zero energy. The Hamiltonian satisfies,
where Ξ 0 represents the charge conjugation. When
T is the wave function belonging to E ν ,φ ν (r) = Ξ 0 φ ν (r) is the wave function belonging to −E ν . Using these wave functions, the Green's function is represented by
When we consider |E| ≪ ∆ 0 , the wave functions at the zero energy mainly contribute to the Green's function,
where ν 0 indicates the states at the zero energy. We can immediately confirm that
Therefore, as shown in Appendix A, we find that φ ν0 (r) is the eigen vector of Ξ 0 and Γ 0 at the same time. ¿From this fact, it is possible to represent the wave function by the linear combination of following vectors
where Φ λ,α,ν0 is the eigen function of Γ 0 belonging to λ = ±1 and is also the eigen function of Ξ 0 belonging iα with α = ±1. We assume dr|a λ,α,ν0 (r)| 2 = 1. By using these vectors, the normal Green's function at the electron space becomeŝ
The normal Green's functionĜ + (Ĝ − ) are the Green function derived from the wave function with λ = 1 (λ = −1). In the same way, the anomalous Green function is represented aŝ
By using the relations,
G ± is described byĜ andF obtained in the numerical simulation,
We can separate the numerical results of LDOS at the zero-energy into two contributions
In Fig. 10(b) and (c), we plot the LDOS corresponding to the states with λ = 1 (i.e., ρ + (j, 0)) and with λ = −1(i.e., ρ − (j, 0)) as a function of the Zeeman potential V ex , respectively. Here the LDOS are calculated at the center (i.e., j = 25) of the disordered segment with L = 50. When V ex < V c = 0.92t, the penetrated Majorana bound states with λ = −1 and the normal states with λ = 1 are coupled by the random disordered potentials. As a result, the amplitude of the LDOS at the zero energy remains at a small value. As shown in Fig. 10(b) , ρ + (j, 0) become zero for V ex > V c , which means the all zero-energy states belong to λ = 1 disappear. As shown in Fig 10(c) , ρ − (j, 0) suddenly becomes large for V ex > V c . All of the penetrated Majorana bound states belong to λ = −1. As discussed in Sec. IIIC, the number of the zero-energy states at the edge of superconductor is equal to the number of the propagating channels N c for V ex > V c . In the normal segment, the number of the zero-energy states also becomes N c even in the presence of disorder because the impurity potentials preserve chiral symmetry. Such Majorana bound states at the zero energy form the resonant transmission channels in the normal segment. This explains the perfect transmission in the presence of disorder. 
C. Odd-frequency Cooper pairs
In the normal segment in Fig. 4(a) , the zero energy states consist of two contributions: one is the penetrated MBSs from the superconductor and the other is the usual metallic states at the Fermi level. The LDOS in Fig. 9(a) indicates that the former is much dominant than the latter for V ex > V c . According to the argument in Sec. III B, such MBSs in the normal segment belong to λ = −1. Therefore the anomalous Green's function can be represented by F − . By applying the analytic continuation, we obtain
The anomalous function satisfieŝ
Thus the pairing correlation is spin-triplet even-parity. As a result, the pairing correlation is the odd function of ω n . Therefore Majorana fermions always accompany the odd-frequency Cooper pairs 32 . The odd-frequency Cooper pairs support the quantization of the zero-bias conductance in Sec. II B 28, 30 . The Josephson current shown in Sec. II C is carried by the odd-frequency Cooper pairs 29 .
V. CONCLUSION
We have studied transport properties in junctions consisting of a superconducting nanowire with Dresselhaus[110] spin-orbit coupling. The local density of states at the edge of the isolated nanowire shows the large zeroenergy peak when the Zeeman potential is larger than a critical value. This single peak structure reflects the existence of the Majorana bound states. We show that the number of such Majorana bound states is equal to the number of the propagating channels N c . When we attach a normal nanowire to the superconducting one, the Majorana bound states penetrate into the normal segment and form N c resonant transmission channels there. All of the Majorana bound states remains at the zero energy because of chiral symmetry of the junction. As a result, the Majorana bound states in the normal segment are responsible for the perfect transmission. We numerically show that the zero-bias differential conductance of the normal-metal/superconductor junction are quantized at 2e
2 N c /h irrespective of the disorder. The Josephson current in disordered superconductor/normalmetal/superconductor junctions shows the fractional current-phase relationship J ∝ sin(ϕ/2) at a low temperature. The superconducting nanowires with Dresselhaus[110] spin-orbit coupling are two-dimensional analog of the spin-triplet superconductor in the 'polar' state. Our results indicate a way of detecting Majorana Fermions in experiments.
Eq. (A2) suggest that the states χ E 2 (r) is also the eigen states of Γ at the same time. Since Γ 2 = 1, we find that the eigen value of Γ is +1 or −1. Namely the eigen equation
holds for λ = ±1. By multiplying H to Eq. (A5) from the left side and by using Eq. (A1), we obtain the equation
We find that Hχ E 2 λ (r) is the eigen state of Γ belonging to −λ. Thus we can connect χ E 2 + (r) and χ E 2 − (r) as
where c E 2 λ is a constant. As shown in Ref. 26 , the oneto-one correspondence exists between ϕ E (r) and χ E 2 (r). At first, we consider zero energy states χ 0λ (r) which satisfies
in Eq. (A4). The integration of r after multiplying χ † 0λ (r) from the left results in
This means that the norm of Hχ 0λ (r) is zero. Therefore we conclude that
As a result, we find the relation
When a zero energy state is described by ϕ 0+ (r) = χ 0+ (r), the relations in Eqs. (A7) and (A10) suggest that χ 0− (r) = 0. Therefore the zero-energy states are always the eigen states of Γ. For E = 0, it is possible to represent ϕ E (r) by χ E 2 ± (r) 26 . By calculating the norm of Hχ E 2 λ (r), we obtain
Multiplying H to Eq. (A7) from the left alternatively gives a relation
Therefore, we find the relation
Although we cannot fix the phase factor θ E 2 , it is possible to express the states ϕ E (r) for E = 0 as
The nonzero-energy states are constructed by a pair of eigen states for Γ: one belongs to λ = 1 and the other belongs λ = −1. Therefore, the states with E = 0 are not the eigen states of Γ. On the contrary to the nonzeroenergy states, the the zero-energy states are the eigen states of Γ.
Appendix B: Description of zero-energy edge states
The BdG Hamiltonian of the Dresselhaus nanowire is represented byȞ 0 in Eq. (12) . By using the unitary matrix
the BdG HamiltonianȞ 0 is first transformed tǒ
The Hamiltonian in this basis is represented only by real numbers. Next we apply a transformation which is similar to the Foldy-Wouthysen transformation 39 to the BdG Hamiltonian in Eq. (B2). Using a unitary matrix
The diagonal term of Eq. (B2) can be expanded as
with using the Baker-Housdorff formula. We assume large enough Zeeman potential so that λ D k F ≪ V ex is satisfied where k F = √ 2mµ/ denotes Fermi wave number. ¿From this assumption, we obtain
within the first order of λ D k F /V ex . The off-diagonal term corresponding to the pair potential is transformed to
where we assume the uniform pair potential (i.e., [p x , ∆ 0 ] = 0). As the result, the BdG Hamiltonian can be written aš
In what follows, we consider the nanowire with the length 2L in the x direction (i.e., −L ≤ x ≤ L) and apply the hard-wall boundary condition at the edge of the nanowire,
The length of the nanowire is long enough so that L/ξ D ≫ 1 is satisfied. For µ n < V ex , there is no solution which satisfies the boundary conditions in Eq. (B26). For −V ex < µ n < V ex , we find the two solutions in spin-down sector as
where C L and C R are the normalization coefficients. It is easy to show that ϕ L n (x) localizing at the left edge belongs to λ = −1 and ϕ R n (x) localizing at the right edge belongs to λ = 1. In the spin-up sector, on the other hand, there is no solution.
For µ n > V ex , there are solutions at either edges in both spin-up and spin-down sectors. For the left edge, we find 
in addition to ϕ Next, we consider the effects of the spin-mixing term V ∆ in Eq. (B11). For µ n > V ex , the two zero-energy states exist for each propagating channel at each edge. At the left edge, for example, the spin-up state with λ = 1 and the spin-down state with λ = −1 coexist. The spinmixing termV ∆ couples the two states. As a result, the energy of the coupled states shifts away from the zeroenergy because the linear combination of a state with λ = 1 and a state with λ = −1 can form the nonzero-energy state as discussed in Eq. (A15). In this case, all the edge states can leave away from the zero-energy. For −V ex < µ n < V ex , on the other hand, the only one zero-energy state with spin-down exists for each propagating channel at each edge because the zero-energy state with spin-up is absent. The edge states remain at the zero-energy even in the presence ofV ∆ because coupling partners are absent. In other words,V ∆ does not affect the zero-energy edge states. We propose an alternative nanowire whose Hamiltonian is unitary equivalent to Eq. (12) . Let us consider the two dimensional electron system where the Rashba spin-orbit coupling and the Dresselhaus[100] one coexist. The Hamiltonian is represented bŷ vectors in spin space is denoted by e j with j = 1 − 3. The part of the Hamiltonianĥ V denotes the Zeeman potential induced by the in-plane external magnetic field. When we define
the commutation relations among p ± and x ± become [x ν , p ν ] = i δ ν,ν , 
In this basis, the Hamiltonian is represented aŝ
λ ± = 1 (α ± β) ,σ ± = 1 √ 2 (σ 2 ±σ 1 ) .
As shown in Fig. 11(a) , the direction e + = (e 1 + e 2 )/ √ 2 and e − = (e 1 − e 2 )/ √ 2 are orthogonal to each other in spin space. When the strength of the Rashba spin-orbit coupling α and the strength of the Dresslhaus spin-orbit
